In order to solve the problem of classic control methods in slow transient response and low anti-interference capacity, this paper proposed a dual closed-loop control scheme based on sliding mode(SM) and proportional-integral(PI) control for a three-phase rectifier. In this work, the error between i d , i q and their desired value were treated as the states of the sliding mode surface, considering the control objectives of power factor and output voltage, which improved the stability and robust performance; besides, a double power reaching law was applied in the controller, which improved the dynamic performance, as well as restraining the chatter. Finally, the proposed strategy was tested in simulation and experiment compared with dual close-loop PI-PI scheme.
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Introduction
With the intense research of reactive power compensation, harmonic suppression and load shock suppression, three-phase rectifier has a wide application in high-voltage transmission, radio communication, solar and wind power, and its research on control scheme has been a hot spot in power electronics [1, 2] . Hysteresis control is an extensively used method for three-phase rectifiers, which can adjust instantaneous current [3] and power [4] through the look-up table. This kind of control scheme has a simple structure and is easy to realize by hardware, but it has the drawback of a variable switching frequency, which will greatly impact the adjustment performance. The control method based on Pulse-Width Modulation (PWM) can effectively solve the problem of a variable switching frequency [5] [6] . In the previous research of three-phase rectifier, proportional-integral (PI) control most commonly associated with PWM [7] . However, the traditional PI controller is sensitive to the changes of circuit parameters and load; consequently, the system performance will greatly decrease under external disturbance or instant load/ unload. Compared with PI control, sliding mode (SM) control has a better robust and dynamic performance, it can decrease the system overshoot when parameters and load change, and reach the stable condition sooner. Literature [8, 9] proposed a sliding mode controller in the inner loop to control the instantaneous current and power, which improved the transient response under the load change. The previous research on SM employed an exponential reaching law, which can improve the dynamic quality by adjusting the parameters [1] ; however, as the existence of a constant reaching term, the system will pass across the sliding mode surface at a quick rate, which caused a large chatter. By comparison, in the power reaching law, the reaching speed will fall to zero in the process of reaching the sliding mode surface, which is beneficial to decrease the chatter, but its reaching rate is relatively small during away from the sliding mode surface, which affects the dynamic performance.
In order to enhance the adjusting ability of the reaching speed, this paper proposed a SM-PI control scheme based on a double power reaching law, which maintained a fast speed during away from and closed to the sliding mode surface, and improved the dynamic performance. This control scheme is tested by simulation and experiment finally.
Controllers design for three-phase rectifier
When the input voltage stays in ideal balance condition, and the rectifier operates in continuous conduction mode (CCM), its mathematical model in the synchronous rotating frame can be built as below.
Where，i a,b,c 和 e a,b,c are the input current and voltage, L is the filter inductance, R is the equivalent resistance, C is dc-link capacitance, R is the load resistance. According to the advantage and disadvantage of the previous control scheme for Vienna rectifier, this paper proposed a novel control scheme including a SM inner loop and a PI outer loop(SM-PI control scheme for short).
The design of outer loop controller
The main control objectives of outer loop are tracking the reference voltage and remaining stable, as well as giving the reference value i d * :
Where, k p and k i are the proportional and Integral coefficient in PI controller.
The design of inner loop controller
The main control objectives of inner loop are maintaining the sinusoidal waveform of input current and unity power factor, the desired values are set as
T , where i q * =0, the sliding mode surfaces are designed as below.
In addition, a double power reaching law were applied to improve the transient performance during the system states are away from the sliding mode surface.
Where,
Where, 
The above inequation proves that the system satisfies the existence and accessibility condition. Thus, the proof is completed. 1.
Then the origin is the global constant time convergence equilibrium, and the maximum convergence time satisfies: 
And 1 (1 ) 2 In the dual closed loop SM controller, the parameters of the inner loop are: k 11 =k 12 =k 21 =k 22 =4000,α=0.5， β=1.5， the parameters of the outer loop are: k p =0.3，k i =10. In the conventional dual close loop PI controller, the parameters of the inner loop are: k p =10， k i =5, the parameters of the inner loop are: k p =0.3，k i =10. The input current waveforms and the total harmonic distortion (THD) under stable operation are shown in Fig.1 and Fig.2. （a）under PI-PI control scheme （b）under SM-PI control scheme In this simulation, the load suddenly changes from 50Ω to 100Ω at 1.5s. As is shown in Fig.1 and Fig.2 , the input current realized sinusoidal waveforms under the two kind of control scheme during the start-up period, however, THD of the phase A input phase current under PI-PI control scheme is a little higher than SM-PI control scheme. What is more, after the load suddenly changes, the former has a large current distortion, and THD is apparently higher than the latter.
（a）under PI-PI control scheme （b）under SM-PI control scheme As is shown in Fig.3 , under PI-PI control scheme, overshoot after startup is 36.16V, voltage fluctuation after load change is -8.18V, ripple range is ±0.06V; while under SM-PI control scheme, overshoot after startup is 11.12V, voltage fluctuation after load change is -2.54V, ripple range is ±0.03V.
SM-PI control scheme effectively reduced the overshoot and the chatter, and the rectifier has better characteristics of transient, steady state and robustness. Then, a three-phase Vienna rectifier prototype at the switching frequency of 10kHz was utilized for the experimental tests, the controller is implemented on TMS320F28377S, and the parameters of circuit and controller are consistent with simulation.
（a）under PI-PI control scheme （b）under SM-PI control scheme According to the comparison of input currents in Fig.4 , after the load changed, the rectifier under PI-PI control scheme has a higher current distortion compared with SM-PI control scheme. When the rectifier ran stable again, former's phase A current THD is 5.27%, and latter's is 3.26%, both are inferior to the results of simulations, because the effects of nonideal power device were omitted in the experiment. Besides, after the load changes, the former's fluctuation of output voltage is more than 10V, and the latter's is less than 4V, similarly, both were inferior to the results of simulations, because the control system existed time delay in experiment, which has a bad effect on the performance. Nevertheless, we can draw a same conclusion as the simulation: SM-PI scheme has a better adjusting ability for input current and output voltage, it effectively improved the rectifier's performance of steady state and transient.
Conclusion
According to the operation feature of three-phase rectifier, a dual close loop SM-PI control scheme was proposed in this paper, the error between i d , i q and their desired value were treated as the states of the sliding mode surface, considering the control objectives of power factor and output voltage; besides, a double power reaching law was applied in the scheme, which improved the dynamic performance, as well as restraining the chatter. From the result in simulation and experiment, the proposed scheme has better characteristics of transient, steady state and robustness compared to PI-PI control scheme.
